We analyze the effect of contaminants on the quadrupolar magnetic, dipolar electric and dipolar magnetic resonances of silicon nanoparticles (NPs) by considering the spectral evolution of the linear polarization degree at right angle scattering configuration, P L (90º). From an optical point of view, a decrease in the purity of silicon nanoparticles due to the presence of contaminants impacts the NP effective refractive index. We study this effect for a silicon nanosphere of radius 200 nm embedded in different media. The weakness of the resonances induced on the P L (90º) spectrum because of the lack of purity can be used to quantify the contamination of the material. In addition, it is shown that Kerker conditions also suffer from a spectral shift, which is quantified as a function of material purity.
INTRODUCTION
Nanotechnology has revolutionized science over the last several years, generating important theoretical and practical developments. The interaction of light with metallic NPs has undergone vigorous investigation providing many different applications like new sources and detectors 1 . When incident light illuminates a metallic NP, free electrons oscillate with the same frequency as the incident radiation, generating Localized Surface Plasmons (LSPs). These coherent oscillations of the electronic plasma depend on the optical properties of the NP, its size, shape and the wavelength of the incident radiation 2 . At certain frequencies, resonances are produced. In these cases, the energy of the impinging radiation is transferred to free electrons, which oscillate at maximum amplitude, and strong enhancements of the electric field are observed in the NP surroundings. In spite of the strong response of metallic NPs in infrared and visible ranges, they are useless in many practical applications due to their inherent ohmic losses. High Refractive Index (HRI) dielectric NPs have been proposed as a solution to this drawback 3 . Some of the most interesting properties of this kind of NPs are that light can travel through them without being absorbed and that they present magnetic effects even for non-magnetic (µ=1) NPs [4] [5] [6] . This magneto-dielectric behavior is responsible for important directionality properties. Under certain conditions of the electric permittivity ε and magnetic permeability µ, proposed by Kerker et al 7, 8 , the forward and backward scattered intensity is almost null or null respectively. We will call those conditions as Scattering Directionality Conditions (SDCs). The resonances depend on the size, shape and optical properties of the NPs. For a given material, resonances are red-shifted as NP size increases, and they also are influenced by the refractive index of the surrounding medium, m med . Particularly, for HRI dielectric materials, resonances are red-shifted as m med increases, in addition to being strengthened 9 .
From an industrial point of view, it is really complex to obtain 100% purity grade, with the corresponding increased price. In this sense, the effect of the purity of a silicon (Si) NP on the light-scattering extinction spectrum was analyzed 10 . In recent research, it was found that the magnetic resonances are more sensitive to changes in the purity than the electric resonances, and as the purity decreases, the magnetic resonances weakened. This behavior can be explained as the Joule's losses are much greater for the magnetic resonances than those for the electric ones. As it was expected, the 
SDCs are influenced by the presence of contaminants. In particular, the near Zero-Forward condition is shifted to longer wavelengths as the purity decreases. However, the Zero-Backward condition is blue-shifted as purity decreases.
The linear polarization degree of light scattered perpendicular to the incident beam, P L (90º), is a polarimetric parameter that contains information about the magnetic or electric response of the resonances 11, 12 . It can be used for determining the NP size and m med , which makes it a promising tool for sensing applications 13 .
In this work, using the Lorenz-Mie theory and focusing on b 2 , a 1 2 we analyze the spectral shift exhibited in the P L (90º) for Kerker conditions. In Section 3.3 we explore the influence of the NP purity on the behavior of P L (90º) as a function of m med . In Section 4, we present the conclusions.
THEORETICAL METHODS
According to the Lorenz-Mie theory 14 , the extinction and scattering cross-sections by a spherical particle are given by the following expressions:
where a n and b n are the well-known scattering coefficients of the Lorenz-Mie theory, both of which depend on the particle size and on the electric and magnetic properties of the NP relative to its surrounding medium. The wavenumber k is defined as (2πm med )/λ, where λ is the wavelength of incident light in vacuum. The scattering coefficients a n and b n are the weights that appear in the linear expansion of vector spherical harmonics and indicate the strength of the multipolar contributions of order n. In particular, a 1 and b 1 correspond to the electric and magnetic dipolar modes, respectively, and a 2 and b 2 correspond to the quadrupolar modes, respectively. The efficiencies are related to the crosssections through the following expression: Q = C/G, being G the particle cross-sectional area projected onto a plane perpendicular to the incident beam.
According to the Lorenz-Mie theory, the incident field can be expanded into vector spherical harmonics. Two cases can be considered, one for the electric field polarized perpendicular to the scattering plane (E s,inc ) and another for the electric field lying in the scattering plane, (E p,inc ). The scattered electric-field components are related to the incident ones via the scattering amplitude matrix. For the particular case of linearly polarized light the matrix is diagonal 14 :
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The linear polarization degree of the scattered light in a given direction θ can be defined as:
being I sSca and I pSca the light scattered intensities whose electric field components are perpendicular and parallel to the scattering plane, respectively. I sSca and I pSca are proportional to |S 1 | 2 and |S 2 | 2 , respectively.
In particular, at right-angle scattering configuration (θ = 90º), and for a NP size smaller than the incident wavelength, we retain only the first two orders in Eq. (3) 8 : 2  2  2  2  1  2  1 2  1  2  12  2  2  2  2  1  2  1 2  1  2 
RESULTS

Monitoring NP purity through P L (90º)
We analyze the effect of the NP purity on the P L (90º) spectra. We also prove its use to determine the purity grade of the material. In order to obtain the dielectric constants of contaminant materials, we consider contaminants homogeneously distributed by using a weighted average 15 , in which we have varied the Si concentration from 99.0% to 100.0%, while the concentration of the main metallic contaminants, considered as Fe, Al and Ti, is kept in the initial proportion of most commercial samples 16 . Effective medium theories (EMTs) depend on the geometry and the amount of contaminants 17, 18 . Comparisons of EMTs with exact calculations of spherical particles containing inclusions show that although EMTs do not predict the resonance broadening brought on by the scattering of the inclusions, they do predict approximately the resonance shifts due to their presence 17 . We also should note that the studied spheres are much larger than the microscopic NPs of the current study. As the size of the inclusions becomes comparable to the wavelength, these theories tend to lose reliability 19 . Nonetheless, we test the results of these EMTs and find deviations smaller than 5% for these cases of very small amounts of contaminants. Refractive index values of pure materials are taken from Palik et al. 20 .
As the NP purity decreases, absorption increases and consequently, the extinction resonances weaken. The magnetic resonances are more influenced by the contaminants than the electric ones.
In order to determine the NP purity by means of the P L (90º) measurements we focus on the evolution of the quadrupolar magnetic and dipolar electric and magnetic resonances. We have obtained the value of P L (90º) at the wavelengths where the resonances appear, λ res , for the following concentrations: 100%, 99.88%, 99.73%, 99.55%, 99.37%, 99.16% and 98.98%. The sensitivity of P L (90º) on the purity is obtained through the following parameter: S P (90º).
In Table 1 . we show the sensitivity of P L (90º) to NP purity for a Si spherical NP of radius 200 nm embedded in different surrounding media. Concretely, m med has been varied from 1.0 to 1.5 with steps of 0.1. From the obtained results we observe that as the refractive index of the surrounding medium increases, the sensitivity decreases. The magnetic resonances exhibit the highest sensitivities, reaching values near 0.6 when the NPs are in vacuum.
Kerker conditions for different purity grades
As it was mentioned in the introduction, one of the most interesting properties of HRI NPs is their ability to direct incident light in determined directions under certain illumination conditions. Under certain assumptions of the dielectric permittivity and magnetic permeability, the scattered intensity in forward or backward directions is almost null or null, respectively. In the case of the first Kerker condition (or zero-backward intensity condition) the electric and magnetic dipole moments oscillate in phase. However, for the second Kerker condition (or near-zero forward) these dipole moments oscillate out-of-phase. In terms of P L (90º), both conditions are satisfied when P L (90º) = 0. The near ZeroForward condition is shifted to longer wavelengths as the purity decreases. However, the Zero-Backward condition is blue-shifted as purity decreases. These shifts are observed in the P L (90º) spectra.
It is possible to calculate the sensitivity of the Kerker conditions in the P L (90º) to the purity by means of the following expression: 
where λ k is the wavelength where the Kerker conditions appear, P L (90º) = 0.
We have obtained the wavelengths where both Kerker conditions appear in the P L (90º) spectrum for a Si NP of radius 200 nm as a function of the purity grade. Using these data and through Eq. 7, we have calculated the sensitivity of this NP to contaminant presence. This process has been repeated for different refractive index of the surrounding medium, m med Є [1, 1.5]. Table 2 shows the sensitivity of P L (90º) to the NP purity grade for a Si spherical NP of radius 200 nm embedded in different media, m med Є [1, 1.5] through the wavelength where both Kerker conditions appear. The purity grade has ranged between 100% and 98.98%. Table 2 . Sensitivity S P (λ k ) to the purity (% Si from 100% to 98.98%), for different surrounding medium refractive indices, m med Є [1, 1.5].
From Table 2 we show that the first Kerker condition is more sensitive to the change of purity than the second one, reaching values as high as 40 nm for the maximum m med analyzed, m med = 1.5. For both Kerker conditions, sensitivity increases as m med increases.
P L (90º) sensing to m med for different purity grades
It was demonstrated in a recent research that the linear polarization P L (90º) measured at resonance locations can be used as a sensor of the surrounding medium refractive index 13 , being the quadrupolar and dipolar magnetic resonances the most and least sensitive, respectively. In this section, we have analyzed the changes of the P L (90º) with the surrounding medium refractive index m med , which was varied from 1.0 to 1.5, for different Si purity grades.
As the NP purity decreases, absorption increases and consequently, resonances weaken. Apart from the lack of purity, an increase in the refractive index of the surrounding medium also is a contributing factor that weakens resonances. Both factors can be combined to reduce P L (90º) values significantly.
The sensitivity of P L (90º) to m med can be defined as:
The sensitivity, S m (90º), is expressed in RIU For each on of the resonances, the sensitivity keeps almost constant with the NP purity. This observation suggests a relatively weak dependence of P L (90º) on the purity and a much stronger dependence on the external medium, suggesting that it can be used to determine changes in the surrounding medium refractive index.
Comparing Tables 1 and 3 , it is clear that the quadrupolar magnetic resonance is the most sensitive resonance to monitor changes in the media m med . Monitoring NP purity is more complicated. For high levels of purity, this quadrupolar resonance is the most sensitive, but when the purity decreases, the dipolar resonances are more sensitive. The electric dipolar resonance is more sensitive than the magnetic dipolar resonance to monitor the refractive index of the surrounding media, while the magnetic dipolar resonance is more sensitive than the electric dipolar resonance to monitor NP purity. The different relative sensitivities of these resonances make it possible to discern changes in the media and NP refractive index.
CONCLUSION
In this work, we have analyzed the response of the linear polarization degree at right angle scattering configuration for using as a tool to quantify contamination in NPs suspended within different media. Lorenz-Mie calculations were carried out for spherical Si NPs of radius 200 nm. The Si content of the NPs was varied from 100% to 98.98% by adding metallic contaminants. We have also considered different values of the refractive index of the surrounding medium where the particles are embedded, m med Є [1, 1.5]. We have observed that the magnetic resonances are more sensitive to changes in the NP purity than the electric ones, being the quadrupolar magnetic resonance the most sensitive. The sensitivity S P (90º) decreases with increasing m med .
We have also demonstrated another way to detect contamination through shifts observed in the Kerker conditions by means of P L (90º). The near Zero-Forward condition goes to longer wavelengths while, the Zero-Backward condition is blue-shifted when the purity grade decreases. The first Kerker condition is more sensitive to NP purity, increasing its value with the increase of m med .
Finally, we find that the sensitivity of P L (90º) to changes in the external medium refractive index m med remains almost constant when the purity of the NP is changed, and that the dipolar electric resonance is more sensitive than the dipolar magnetic resonance to changes of the external medium. contamination. This suggests that by analyzing the sensitivity of all three resonances, it is possible to determine both the level of contamination of the NP and the refractive index of the external medium.
